Studies have been carried out to assess maturation of myofibrillar and mitochondrial proteins in fetal (1 13 to 140 days gestation), neonatal (-10 min to 21 days postpartum), and adult sheep hearts.Ca++-activated myosin ATPase activity was -20% lower in fetal than in adult left ventricular myocardium (1.13 + 0.06, n = 12, versus 1.36 .+ 0.07, n = 9, pmoles PI per g protein per sec; P < 0.025). In fetal and neonatal hearts (but not in adult hearts), myosin ATPase activity was slightly higher (-14%; P < 0.001) in right ventricular tissue than in left ventricular tissue. In contrast to these small changes in myosin ATPase activity, large changes indicative of maturation of energy metabolism occurred in the creatine kinase system: between 115 days gestation and 21 days postpartum, total creating kinase activity increased nearly &fold (0.2 to 1.6 IU/mg cardiac mass), the MM-creatine kinase isozyme increased 7-fold (0.2 to 1.5 IU/mg wet weight), and mitochondrial creatine kinase increased more than 25-fold (< 0.01 to 0.27 IU/ mg wet weight). The total creatine pool, but not the ATP pool, increased (from -6 to -15 nmoles/g tissue). Neither the concentration nor isozyme distribution of lactate dehydrogenase, a glycolytic enzyme, changed during this 7-wk period of development. Speculation and lactate dehydrogenase isozyme compositions. The results suggest that an age dependency exists in the enzymes important in regulating energy production and utilization.
Summary
Studies have been carried out to assess maturation of myofibrillar and mitochondrial proteins in fetal (1 13 to 140 days gestation), neonatal (-10 min to 21 days postpartum), and adult sheep hearts.Ca++-activated myosin ATPase activity was -20% lower in fetal than in adult left ventricular myocardium (1.13 + 0.06, n = 12, versus 1. 36 .+ 0.07, n = 9, pmoles PI per g protein per sec; P < 0.025). In fetal and neonatal hearts (but not in adult hearts), myosin ATPase activity was slightly higher (-14%; P < 0.001) in right ventricular tissue than in left ventricular tissue. In contrast to these small changes in myosin ATPase activity, large changes indicative of maturation of energy metabolism occurred in the creatine kinase system: between 115 days gestation and 21 days postpartum, total creating kinase activity increased nearly &fold (0.2 to 1.6 IU/mg cardiac mass), the MM-creatine kinase isozyme increased 7-fold (0.2 to 1.5 IU/mg wet weight), and mitochondrial creatine kinase increased more than 25-fold (< 0.01 to 0.27 IU/ mg wet weight). The total creatine pool, but not the ATP pool, increased (from -6 to -15 nmoles/g tissue). Neither the concentration nor isozyme distribution of lactate dehydrogenase, a glycolytic enzyme, changed during this 7-wk period of development. Speculation and lactate dehydrogenase isozyme compositions. The results suggest that an age dependency exists in the enzymes important in regulating energy production and utilization.
MATERIALS AND METHODS
Myocardial tissue was obtained after rapid cardiectomy from 17 fetal sheep ranging in age from 113 to 140 days gestation, 22 newborn lambs ranging in age from 30 min to 21 days, and 13 adult (mother) sheep.
ENZYME ANALYSES
Myosin. Myosin (ATPase, EC 3.6.1.3) was isolated from 10 to 20 g tissue using the method of Katz (21) . In all cases, the yield was -8 mg/g tissue. Calcium-activated myosin ATPase activity was assayed at 25OC in 0.1 M Tris (pH 8) containing 0.6 M KCI. 10 mM calcium, and 3.1 mM MgATP. The reaction was stopped by adding an aliquot of 70% perchloric acid. The liberated inorganic phosphate was measured using the Fiske-Subbarrow method (9) . Myosin ATPase activity was calculated as moles of inorganic phosphate produced per protein per sec. The purity of the myosin preparations was assessed using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (5% cross-linked) as previously described (15) . We speculate that changes in biochemical composition of enSeparate tissue samples were used for analyses of creatine kinase ergy-utilizing and -producing proteins, coupled with alterations in and lactic dehydrogenase activities. Samples were homogenized the structure and cellular distribution of mitochondria and myofi-in 0.1 M potassium phosphate buffer (pH 7.4) with I mM EDTA brils, contribute to the changes in mechanical performance char-and 1 mM /I-mercaptoethanol, and allowed to incubate for I hr to acteristic of the maturing heart. release mitochondria1 isozyme as described by Jacobus and Lehninger (18) . Creatine kinase activity (ATP; creatine N-phosphotransferase, EC 2.7.3.2) was measured using the coupled enzyme The intrinsic physiologic properties of the normally developing reaction scheme of Rosalki (35) . Separation of creatine kinase heart of the fetal and newborn lamb have been studied by isolated isozymes was accomplished using cellulose acetate strip electrocardiac muscle techniques (10, 29, 37) , isolated whole heart phoresis as described by Hall and DeLuca (13) . Strips were methods (33) , and chronic fetal instrumentation methodology (23, scanned on a Turner fluorometer and areas of the peaks corre-25. 34). These studies have helped to define the limits imposed on sponding to each of the isozyrnes was calculated using a Hewlettfetal and neonatal cardiocirculatory adaptation by the mechanics Packard digitizer. of contraction and the changes in the structure of fetal and Lactate Dehydrogenase. Lactate dehydrogenase activity (EC newborn myocardium compared to the adult. In general, with 1.1.1.27) was measured in the direction of lactate production using advancing age, the mechanical properties of the heart gradually the method of Bernstein and Everse (3) . Activity in the presence change to resemble those of the adult. of high and low pyruvate was measured to assess relative changes The current studies were undertaken to test the hypothesis that in the composition of aerobic and anaerobic isozymes. Activity age-related differences in the myofibrillar proteins (ATP-utilizing was expressed as (milli)IU/mg ventricular mass. Aliquots of these proteins) or in the proteins important in regulating energy metab-homogenates were taken for measurements of protein content olism in the heart (ATP-and creatine phosphate-producing pro-using the method of Lowry et a!. (28) and for total creatine teins) constitute a biochemical basis for the differences in me-concentration using the fluorornetric assay of Kammermeier (20) . chanical performance of the maturing heart. Accordingly, left and T o determine dry weight, 50 to 100 mg pieces of ventricular right ventricular tissue from late fetal (I I3 to 140 days gestation), myocardium were dried at 60°C to constant weight. DNA (exnewborn (30 min to 21 days postpartum), and adult sheep hearts pressed as pg/mg fresh tissue weight) was extracted from 50 to were analyzed for myosin ATPase activity and creatine kinase 100 mg pieces according to the method of Hinegardner (14) . Comparisons were made for left and right ventricular tissues obtained from the same heart using the Student t test for paired data. For other comparisons, the Student t test for unpaired data was used. Results are expressed as the mean f 1 S.E.
RESULTS

PROPERTIES OF THE DEVELOPING HEART
++-activated myosin A TPase activities of fetal, neonatal, and adult sheep hearts As the heart develops, myocytes cease dividing and concomi-Adult2 tantly become more differentiated (5, 6, 16 These results show that fetal myocardium had lower protein and dry weight contents than neonatal and adult hearts. Decreases in DNA content, and presumably the rate of myocyte proliferation, occurred throughout the 7-wk period studied. The changes were gradual; DNA content was 5.1 f 0.01 pg/mg left ventricular tissue (n = 2) for the 115 to I 17-day-old fetal heart; 3.1 f 0.02 (n = 3) for the 135-to 140-dayold fetal heart; 3.4 f 0.1 (n = 15) for I-to 7-day-old neonates; and 2.8 + 0.1 (n = 5) for the 8-to 21-day-old neonate. Adult values (-1.4 pg/mg) (n = 9) were significantly lower. These results suggest that myocyte size increased about 2-fold in the 7-wk period studied and doubled again between 3 wk postpartum and full maturation. Electron microscopic studies (37) suggest that the increase in myocyte size is due to an increased accumulation of myofibrils.
MATURATION OF THE CONTRACTILE APPARATUS
In an attempt to identify whether the properties of the contractile apparatus are the same in late fetal, neonatal, and adult hearts, myosin, the major myofibrillar protein, was isolated from left and right ventricular tissues. Analysis of these preparations on sodium dodecyl sulfate-polyacrylamide gel electrophoresis suggests that all preparations were of comparable purity. Ca"-activated myosin ATPase activity was slightly, but significantly ( P < 0.025), lower for myosin isolated from the hearts of 113-to 140-day-old fetal lambs than were values obtained for the adult. The activity of myosin prepared from the youngest fetal lambs was not different from myosin ATPase activity of 133-to 140-day-old fetal hearts (1.03 f 0.10, n = 3 versus 1.17 f 0.07, n = 9). The ATPase activity of myosin isolated from newborns on the first day of life was similar to that for fetal hearts. The specific activities of myosin isolated from 2-to 7-and I I-to 14-day-old neonatal hearts were not different (11127 f 0.13, n = 6 versus 1.34 t 0.09. n = 4). These latter values were similar to those for the adult (1.36 f 0.07). These results show that the intrinsic specific activity of myosin increases (1.03 f 0.10 versus 1.34 f 0.09) as the myocyte matures begin to accumulate adult-like-myosin by the A paired analysis of the specific activities of myosin isolated from the left add right ventricle of two fetal and eleven neonatal hearts suggests that the right ventricle had slightly higher (approximately 14b) myosin ATPase activity (P < 0.005). This finding is consistent w~t h the increased physiologic load on the right ventricle during fetal development. The difference in left and right venttikular myosin ATPase activity persists during early neonatal development as the mass of the right ventricle relative to the whole heart decreases. No differences between the ventricles were found for the adult (Table 2 ).
MATUR1A4ION OF ATP-PRODUCING ENZYME SYSTEMS
ATP utilized y the contractile apparatus (specifically by myosin) is regenerat t d by oxidative phosphorylation. glycolysis, and the transfer of high-energy phosphate from creatine phosphate to ADP via the tdhmann reaction (creatine phosphate + MgADP s creatine + MgATP). To assess (albeit incompletely) the capacity of fetal, neomatal. and adult hearts to maintain normal ATP levels, the activities of several enzymes known to participate in each of these th ee pathways were measured for tissue from each
.
ventricle: mitochondnal creatine kinase, MM creatine kinase, a l~d lactate dehydrogenase.
Total creatihe kinase activity per unit ventricular mass (i.e., tissue concentration) and the tissue concentrations of each of the four creatine kiniase isozymes (BB, MB. MM, and mitochondrial) were determined for left and right ventricular tissue for all age groups. Figure I day-old fetuses to 21-day-old neonates and the adult. Throughout the 7-wk period of development studied, the tissue concentration of creatine kinase activity progressively increased relative to total cardiac mass. This pattern is obtained whether tissue concentration was expressed as IU/unit wet weight, dry weight, or total cardiac protein (not shown). No differences were found between left and right ventricular tissues at any age.
Analysis of the distribution of creatine kinase isozymes (see Fig.  2 for a sample electrophoretogram) showed that fetal heart (1 15 to 140 days gestation) contained no BB, -2 + 1% MB, 93 f 1% MM. and 5 + 1% mitochondrial creatine kinase activity (n = 6).
The isozyme distribution for left ventricular tissue was the same for all hearts isolated from newborns through the adult; these hearts contained only trace amounts of MB, 86 + I % MM, and 14 + I % mitochondrial creatine kinase ( n = 30). No differences were found between left and right ventricular tissues. Thus, in terms of isozyme distribution, the newborn heart resembled the adult; however. in terms of the tissue concentration of the isozymes, hearts from young animals were not fully mature. An estimate of the tissue concentrations of each of these isozymes can be obtained by multiplying the percentage distribution by the total creatine kinase activity. Table 3 shows the results of this calculation for seven hearts representing the developmental period under study. During the 30 days between 115 days gestation and birth, the concentration of the mitochondrial isozyme increased about 10-fold. whereas the increase for the MM isozyme was 4-fold. Thus, during this period of development, the tissue concentrations of these two creatine kinase isozyrnes increased relative to other cardiac proteins. but the mitochondrial isozyme accumulated faster than did the MM isozyme. During the first 2 to 3 wk of postnatal development, the concentration of both MM and the mitochondrial isozyme increased relative to total cardiac protein and, on the average, they did so coordinately.
Developmental changes also occur in the tissue concentrations of the substrates for the creatine kinase reaction. Left ventricular concentrations of total creatine, i.e., free creatine + creatine phosphate. were 5.8 f 1.0 nmoles/mg wet weight ( n = 3) for 115-to 140-day-old fetuses, 14.8 + 1.7 ( n = 4) for newborns, 14.1 + 0.6 ( n = 15) for 2-to 14-day-old neonates and 14.9 + 0.7 ( n = 6) for adults. No differences were found between left and right ventricular myocardium at any age. These results indicate that a greater than 2-fold increase in the total creatine pool (and presumably the creatine phosphate pool) occurred during the last month of fetal development, concurrent with the appearance and increased accumulation of the mitochondrial creatine kinase isozyme. After birth, the creatine concentration was constant, i.e., it increased I ' coordinately with the increase in cardiac mass. In contrast to this increase in the creatine pool, little or no change occurred in the ATP pool. ATP concentrations (nmoles/mg wet weight). measured in rapidly frozen heart biopsies, as previously described (32). were 5.2 f 0.2 (n = 23) for fetal lamb heart, 6.0 f 0.3 (n = 14) for newborn heart, and 6.1 + 0.4 (n = 18) for adult heart (I I).
In contrast to the maturational changes found in the creatine kinase system, no significant changes were observed for the tissue concentration of the glycolytic enzyme, lactate dehydrogenase, during the period of development studied (Fig. I) . The ratio of lactate dehydrogenase activities at high and low substrate (pyruvate) concentrations has been used as a measure of relative isozyme composition (3) . Values of -0.8 are characteristic of isozymes found in tissues relying primarily on anaerobic ATP production; ratios of 0.1 to 0.2 are characteristic of tissues undergoing aerobic metabolism. This ratio was the same for hearts of all animals studied: 0.15 f 0.01 (n = 6) for fetal lambs. 0.13 + 0.01 (n = 12) for neonatal lambs, and 0.14 + 0.01 (n = 11) for adult sheep. No differences were found between left and right ventricular myocardium at any age.
DISCUSSION
Previous studies from our laboratory have shown that isometric force development and the extent and velocity of shortening at any load are lower in the developing lamb heart when compared to the adult sheep (10) . We have speculated that ultrastructural differences in myofibrillar size and number with advancing age may account for some of these mechanical differences (10, 29) , whereas others have suggested that an age-dependent maturation of excitation-contraction coupling might contribute to the differences noted in the intrinsic physiological properties of the developing heart (19) . The current study examines the possibility that a maturation of energy metabolism may also contribute to the augmentation in force development and shortening characteristic of ventricular myocardium during the transition from fetal to postnatal to adult life.
Barany (2) and Drachman and Johnston (7) have shown that myosin ATPase activity correlates with speed of contraction in a variety of muscles. Thus, a reduction in the heart's mechanical performance may result from differences in the intrinsic enzymatic activities of actomyosin or myosin. Differences in the concentration of the contractile proteins in the myocyte may also be important.
In addition to changes in ATP utilizing processes, it is also possible that changes in high-energy phosphate-producing pathways play an important role in determining the capacity of heart muscle to shorten, generate, and maintain force. These pathways include ATP production by anaerobic pathways (glycolysis) and by aerobic pathways (oxidative phosphorylation in the mitochondria) and rephosphorylation of ADP by creatine phosphate via the creatine kinase reaction. The relative importance of these three pathways may be different in the maturing myocardium. For example, it has been shown in the mouse (4) and sheep (40) that glycolytic capacity is relatively greater in the fetus than in the adult. Changes in oxidative metabolism are reflected in the increased fractional area occupied by mitochondria in the myocyte (3, 27, 30) . by increased tissue concentrations of some mitochondrial enzymes (22, 45) . and by studies of mitochondrial oxidative phosphorylation (38, 42, 44) . Finally, developmental changes in the concentration and distribution of creatine kinase isozymes and their substrates have been shown to occur in fetal and neonatal life in a variety of species (17) .
The current studies were undertaken in view of the possible physiologic importance of maturation of the enzyme systems central to energy production and utilization.
MYOFIBRILLAR PROTEINS
The results reported show that the specific activity (Ca++-activated) of cardiac myosin ATPase in lamb fetuses and newborns was approiihately 20% less than adult values; from the second day of life t/o adulthood, no further increase was found. Both ventricles panicipate concordantly in these age-related changes. It should be emphasized that the observed changes in specific activity are not large land that attempts to show differences in myofibrillar ATPase activity between fetal. neonatal. and adult sheep hearts have been uhsuccessfu~ (lo). Even small differences in intrinsic specific acIiity, however, may contribute to differences in the structure. a s s mbly, and function of the protein. Developmentally related incre 1 ses in myosin ATPase activity have also been reported for neonatal rat heart ( 1 ) and in actomyosin ATPase activity for fdtal calf heart (26) . In view of the recent reports ( 12. 31, 39) identifying myosin isozymes characteristic of fetal and adult skeletal and cardiac muscles in the rabbit, one may speculate n that alteratio s in structure and function (i.e., ATPase activity) in the developing sheep heart may be due to the presence of different myosin isokyhes.
In the fetus and neonate (but not the adult). myosin ATPase higher in the right than the left ventricle. The dominant pumping chamber in urero and. after birth, inrreases in size and wall thickness more slowly than the left vehtdic~e; the ratios of weight of the right ventricle to whole heart ahd to body weight actually decrease after birth (33) . It may be t~hqt the slightly higher myosin ATPase activity in the developing right ventricle is related to its augmented workload in ufero when compared to the left ventricle.
Electron microscopic studies from our laboratory of fetal (90 to 146 days gestation), neonatal (2 to 36 days postpartum). and adult ave shown that there is a progressive increase in the actile to noncontractile mass during this time of development 10. 37). Sarcomere length increases from 1.5 p in fetal heart to1 1.8 to 2.0 p in the neonate, and fiber diameter increases from 0.8 to 1.1 p between 90 days gestation and term. Thus, taking dll this evidence into account, there appear to be agedependent altkrations in the cellular concentration, assembly. and intrinsic activiity of myosin.
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ATP-PRODUCING ENZYMES
The conc I n I ration of ATP in ventricular tissue has been found to be essentially constant over the age range studied. but the metabolic phtlhways by which synthesis is balanced by utilization differ in the fetus, newborn. and adult. Myocardial ATP producby oxidative phosphorylation In the myocardium, maturation of the inner and presumably oxidative metabolism. (17) . Using fir t appearance and rapid accumulation of the mitochondrial cr'eatine 7 kinase isozyme as an index of mitochondria1 maturation in the lamb heart, the results reported here suggest that biochethijal maturation of the mitochondria occurs coordinately with structural maturation. Scanning electron microscopic studies have r vealed profound differences in the shape. size, and distribution bqmitochondria in the fetal and neonatal lamb when adult sheep (37) . Fetal hearts contain long, the heart matures, many small. budfound. The neonatal heart contains between the myofibrils, characteristic
According to the theory advocated by Bessman and Fonyo (4). , and Jacobus and Lehninger (18) , the locat~on of rial creatine kinase is such that it functions to transfer high-ehergy phosphate from ATP formed by oxidative phosphorylaiidn to creatine and as much as 90% of the highenergy phosphate produced by oxidative phosphorylation could to the myofibrils as creatine phosphate, not ATP. sphate is the transport molecule for high-energy phosphate in the adult myocardium, accumulation and assembly of the mitochohdrial creatine kinase isozyme could play an important role in the maturation of cardiac energy metabolism. Our INGWALL ET AL. I studies suggest that this maturation occurs around birth in the lamb. Between 115 days gestation and birth, the distribution of the mitochondrial creatine kinase isozyme (i.e., percentage of total activity) increased from -2 to -14% (ie., from barely detectable to adult levels). Moreover. the tissue concentration of this protein increased over 25-fold between 115 days gestation and 2 wk postpartum. The tissue concentration of one-set of substrates for the creatine kinase reaction, 1.e. the creatine pool, also increased during the last month of gestation. It is tempting to speculate that the increase in the creatine pool (from -6 to -15, or a difference of 9 nmoles/mg cardiac mass) represents the pool which is phosphorylated by the mitochondrial creatine kinase isozyme.
Thus. there is both biochemical and ultrastructural evidence suggesting that mitochondrial structure and function is mature in many respects even in the newborn lamb heart. Maturation may not be fully complete. however, because previous reports from this laboratory have shown that oxygen consumption in isolated, uncoupled mitochondrial from the newborn is different from that in the adult (42) .
The MM-creatine kinase isozyme, localized in part in the myofibril and in the cytoplasm (41) . is the dominant cardiac isozyme (>85"/0) even in the youngest heart studied. Thus far, in all species studied except the frog and chicken (8) , the B polypeptide chain is dominant (albeit in low concentrations) only in embryonic heart and terminal differentiation is characterized by first appearance and rapid accumulation of the M-polypeptide chain. During the 7 wk of fetal and neonatal development analyzed in the present study, the MM-isozyme accumulated faster than average cardiac proteins (6-fold increase between 115 days gestation and 3 wk neonatal life). Thus, in contrast to differentiation in the rodent which occurs postnatally, this enzyme system matures in the lamb well before birth.
Although large, age-related changes were seen in the cellular accumulation of mitochondrial and MM-creatine kinase isozymes, no developmental augmentation was observed in either the tissue content nor isozyme composition of the glycolytic enzyme, lactate dehydrogenase. Thus, we suggest that age-related alterations in lactate dehydrogenase occurred earlier than 1 15 days gestational age in the lamb.
The current findings. combined with those of others, indicate that the structure and function of the two major myocardial organelles, the myofibrils and mitochondria, undergo progressive maturation during late fetal development. Changes in the isozyme composition of thve enzyme system's studied hergin are essent$lly complete near birth. Postnatal cardiac development is characterized by accumulating more of the cell-specific proteins, namely myosin, MM, and mitochondrial creatine kinase isozymes. Although measurements were not made of myosin content in the current studies, the tissue concentrations of creatine kinase isozymes reached adult levels by 14 to 21 days postpartum. Thereafter, creatine kinase accumulates in proportion to the increase in cardiac mass.
The results of the present investigation support the hypothesis that the com~osition and structure of mvofibrils and mitochondria. energy-utilizing and -producing organelles, change during late fetal development and early neonatal life of the sheep. These findings contribute to our understanding of how energy-metabolism may participate in the regulation of the mechanical performance of the heart.
